Abstract: This paper investigates the variability of various circuits and systems over temperature and presents several methods to improve their performance over temperature. The work demonstrates use of large scale reconfigurable System-On-Chip (SOC) for reducing the variability of circuits and systems compiled on a Floating Gate (FG) based Field Programmable Analog Array (FPAA). Temperature dependencies of circuits are modeled using an open-source simulator built in the Scilab/XCOS environment and the results are compared with measurement data obtained from the FPAA. This comparison gives further insight into the temperature dependence of various circuits and signal processing systems and allows us to compensate as well as predict their behavior. Also, the work presents several different current and voltage references that could help in reducing the variability caused due to changes in temperature. These references are standard blocks in the Scilab/Xcos environment that could be easily compiled on the FPAA. An FG based current reference is then used for biasing a 12 × 1 Vector Matrix Multiplication (VMM) circuit and a second order G m − C bandpass filter to demonstrate the compilation and usage of these voltage/current reference in a reconfigurable fabric. The large scale FG FPAA presented here is fabricated in a 350 nm CMOS process.
Analog Processing and Temperature Dependence
The number of systems combining elements from within and among the emerging technologies of sensors, communications, and robotics grows every day. The computational abilities of these systems affect the overall system performance through various aspects (e.g., functionality, battery-life, foot-print, etc.). Traditionally most computational tasks have been performed in the digital domain, which can achieve high resolution computation at the cost of high power consumption [1] . For systems with a limited power budget, however, low-power, real-time computation techniques have been sought after. Accordingly, analog-signal-processing has been used extensively as an energy-efficient alternative to digital options [2] [3] [4] .
Recent mixed-mode large-scale Field-Programmable Analog Array (FPAA) enables advanced functionality for a wide spectrum of sensor applications [5] . These FPAAs combine the energy-efficiency, reconfigurability, and programmability of floating-gate-based analog signal processing with the precision and compatibility of digital, thereby a variety of analog circuitry implemented on FPAAs serve as building blocks of more complex signal processing functions [5] .
Many of the systems that can benefit from the computational power of an FPAA need to operate over a range of environments and temperatures. For instance, modern ubiquitous medical health assessment systems use physiologic signals collected from ambulatory subjects during daily outdoor activities [6] . Likewise, point-of-care diagnostics platforms aiming to achieve lab-quality tests in low-resource settings, operate in environments with varying ambient temperatures [7, 8] . Furthermore, in assisted living applications, sensor networks are used to identify and track the daily activities of elderly in outdoor settings. For outdoor applications where temperature is not stable, one of the critical performance metrics affecting the computation accuracy of the FPAA would be, therefore, robustness against temperature variations.
This work presents a range of techniques and models to estimate and reduce temperature variability of various systems. Figure 1 shows the proposed method that a user could follow, depending on specific application. A range of voltage and current reference generators are available to be compiled on the FPAA to reduce the temperature variability of the system. Here, we propose to use a Floating Gate (FG) as a programmable element to achieve reasonable temperature insensitivity rather than trimming/single value FG to achieve precision [9] . These references form standard blocks in the open source tools built in the Scilab/Xcos environment, available online [10, 11] . This enables a wide range of programmable structures that could be compiled along with the system. When a user reprograms the system or a circuit, the references as a part of the Xcos design will compile on the FPAA. This work utilizes an Xcos tool simulation model [11] to model circuits' block temperature variation. Temperature measurements were performed using a ZPlus (Cincinnati Sub-Zero Products LLC, Sharonville, OH, USA) temperature chamber. For each temperature value, 15 min is allowed to ensure that the FPAA die reaches the desired temperature value. Figure 1 . Proposed method to reduce temperature variability while compiling a system for a desired application on a FPAA. The tool infrastructure offers flexibility depending on the user. A system designer would choose from multiple voltage and current references depending on the application [3, 4, 12, 13] . Then, the system along with the selected references would be compiled on the FPAA. This would enable wide range of programmable and reconfigurable temperature robust systems. In case of a circuit designer the FPAA tool infrastructure enables designing a custom reference circuit. The circuit could be simulated, with models based on EKV, before compiling the design on the hardware.
Temperature behavior of programmable circuits in the SoC FPAA will proceed in six stages. A description of the FPAA is presented in Section 2. In Section 3, various temperature models for devices available in a FPAA is presented. These models are then used to estimate the variation in simple single ended circuits in Section 4 and these simulations are compared with measured data. In Section 5, various references are introduced and their variability with temperature is studied. A bootstrap FG reference generator is introduced in Section 5.1. Section 5.2 shows resistorless voltage references that can be compiled on the FPAA. Sections 6 and 7 show the performance of various signal processing systems and circuits over temperature.
Field-Programmable Analog Array
An FPAA is a mixed signal FPGA having both analog as well as digital components. The major advantage of such SoC over ASIC is prototyping large systems in a cost effective manner and shortening the test cycle. The FPAA used in this work has the same architecture described in [5] . Figure 2 shows the general architecture of the FPAA with its elements. The FPAA fabric is composed of Computational Analog Block (CAB) and Computational Logic Block (CLB), shown as A and D respectively in Figure 2 . The schematic of the CAB elements is shown in the Figure 2 , along with the interconnect switch fabric for the FPAA. The CAB consists of various analog elements such as OTA, Floating Gate input OTA (FGOTA), nFET current mirrors, transmission gates, capacitors, and NMOS and PMOS transistors. The CAB also consists of an analog shift register that allows for measuring multiple nodes using a single IO (Input-Output) pad or an analog-to-digital converter (ADC). FPAA uses a floating gate pFET as a basic building block that acts as a nonvolatile switch and also for biasing various analog elements. The FPAA also consists of an open source microprocessor MSP430 that, along with the programming infrastructure, is used to compile the design on the fabric. Programming infrastructure consists of several 7-bit digital-to-analog converters (DAC) and a 14-bit ADC. The programming algorithm, described in detail here [14] , uses hot-electron injection and Fowler-Nordheim tunneling for programming and erasing the charge on the floating node. The floating gate input (V G ) during the operational mode is held at a constant voltage using an on-chip DAC. Alternatively, a voltage reference, similar to the one shown in the Figure 2 , could be compiled on to the FPAA fabric. The FPAA allows the user to toggle between these two biasing modes as necessary.
Modeling Temperature Dependence
A simulation model adapted from the Enz-Krummenacher-Vittoz (EKV) model [15] for all regions of operation is developed. Based on this model the channel current for a pMOS and an nMOS transistor are governed by the following equations
where I thnmos and I thpmos are specific currents at threshold voltage given by 2µ nmos C ox (W/L)U 2 T /κ and 2µ pmos C ox (W/L)U 2 T /κ, respectively, σ is the drain-induced barrier lowering coefficient, and
, and U T are the drain, source, pMOS zero-bias threshold, nMOS zero-bias threshold, and thermal voltages, respectively. Temperature dependence of I d in Equation (1) arises from threshold voltages, I th , and explicit U T . The dependence of threshold voltages on temperature could be modeled using A 1 + A 2 * U T . I th has dependence on temperature due to the mobility (µ) and presence of U 2 T , which could be modeled using I thr * (
a , where a = 0.5. From measured data, shown in the the Table 1 , which shows dI th dT
it can be seen that a ≈ 0.6. Here, T r is the reference temperature (298 K). The variation of V To is as follows
where N c and N v are the effective density of electrons and holes in conduction and valence band, respectively. Their dependence on temperature is T 3/2 [16] . This is small compared to the linear dependence to U T term. It should be noted that the model in [15] has more parameters and is much more generalized. In the case of Equation (1), the model has a reduced number of parameters, which allows for faster simulation, with the ability to closely predict data from the FPAA. This model has been integrated as a part of the Scilab/Xcos environment [11] . Figure 3 shows measurement of pFET compiled on to the FPAA and simulation performed using the EKV model. The tool incorporates the above variation in U T , threshold voltage, and current at threshold voltage (I th ). [17] . Simulation parameters have to adapted as the process scales to match the data from silicon.
Using the above model for simulation, similar measurements and simulations were performed for an nFET. The variation in threshold voltage and current at threshold voltage (I th ) for the devices are summarized in the Table 1 . These parameters are extracted from the transfer characteristics using a EKV curve fit program in Scilab [18] with varying U T . The variations are shown as percentage changes in the parameters from its value at room temperature over 60 • C.
The consistency between the measurements and the model allows us to predict the first order behavior of circuits and systems compiled on the FPAA with temperature, thereby enabling temperature robust circuits and system design.
Temperature Dependence of Simple Single Ended Circuits
The models developed in the previous section predicts the behavior of circuits and systems on the FPAA. To illustrate, a common source amplifier, shown in the Figure 4 , has a gain which is constant over temperature [19] . EKV model shown in Equation (1) could be reduced to following set of equations when I sat I th :
Equating the channel current for nMOS and pMOS we have Figure 4 . Transfer function of a common source amplifier, measured and simulated using the models developed in the previous section, with temperature. The slope, and hence the gain of the common source amplifier, is also plotted. Slope is constant with temperature. The transition of V out with V in for different temperature is also shown. The transition changes over temperature because the threshold voltage of nMOS and pMOS varies differently.
In Equation (4), the offset V o f f set is a manifestation of U T , threshold voltage difference between nFET (V T0n ) and pFET (V T0p ), and log(
I thnmos I thpmos
). Figure 4 shows the transfer characteristics of a common source amplifier, measured on the FPAA and simulated using the models developed before, with pFET input. As seen in the Figure 4 , the slope of the simulation and measurement remains relatively constant. The variation in the transition points of the transfer characteristics corresponding to different temperatures is associated with the offset (V o f f set ) term that has dependence on U T and also due to the fact that the threshold voltage of pFET and an nFET vary differently over temperature.
For temperature-robust transition points and gain, the circuit could be designed to utilize the same type of FET devices. The transfer characteristics of a two pFET-based common drain is given by Equation (5) .
Thus the slope of the transfer characteristics is ≈ κ, since σ pmos << 1, which is invariant over temperature. Also, the V o f f set term is independent of U T , threshold voltage, and I thpmos and hence making the transition points invariant over temperature. Figure 5 shows the transfer characteristics of a common drain circuit with a pFET input. The measurement and simulation are plotted and have similar slope, that is, the kappa of the pFET input. The inset shows a zoom-in of the transfer characteristics measured over 60 • C. Figure 5 . Transfer function of a common drain amplifier, measured and simulated using the models developed in the previous section, with temperature. The slope and the transition offset of the circuit is constant with temperature because the variation in threshold voltage of the two pMOS devices are similar. A slope of 0.85, which is the κ of the pMOS device, is measured from the circuit compiled on the FPAA.
Reducing Temperature Dependence in Programmable Circuits and System
Programming and biasing of FG switch or FG current source is generally done using a DAC. During programming mode, when the circuits and systems are getting compiled on the FPAA, the DAC allows for varying the bias of the gate for compensating the variation and mismatch on the FPAA [20] . It is assumed that temperature would not vary drastically while programming the device. In run mode however, when the implemented system is used for computation and processing on the FPAA, the temperature could vary based on the application, for example in wearable systems [3, 4, 12] or as a sensory node for analyzing speech [4] . A subthreshold current reference circuit, similar to a conventional current reference circuit [21] , shown in the Figure 6 would bias the gate of a pFET which would reduce the temperature variation of the output current to 12.0%. The biasing current is constant and is not programmable unless Figure 6 . A bias reference circuit compiled on to the FPAA. The circuit has to use multiple pFET transistors to create the required β multiplication. This is the major drawback since it has to use multiple CABs.
FG-Based Reference Circuit in Subthreshold Region
The reference circuit in Figure 7 is based on the bootstrap reference architecture [22] . However, unlike the conventional bootstrap reference architecture where the difference between the aspect ratios of pFETs is responsible for the reference generation, the V REF in Figure 7 is generated because of the difference in the amount of charge stored at the floating-node of the FG pFETs. The bootstrap reference circuit in Figure 7 is compiled using FG pFET from the switch fabric, which are part of the local interconnect routing present in the CAB, and nFET current mirror, which is a part of the CAB elements described earlier. The DAC which is generally used to bias the FG transistor is also characterized over temperature. Output of the reference generator (V REF ) is plotted over a temperature variation of 60 • C. The output of the DAC is also measured over the same temperature range. Also, the effects of temperature on the drain current is studied by biasing a FG transistor in both modes, i.e., bias using a DAC and the bootstrap reference circuit. Evaluating the relationship of I out and I in over temperature of a current mirror built with a FG pFET, such as the one used in Figure 7 for biasing and shown in the Figure 8 , is given by Equation (6) .
if V 1 and V 2 in the above equation are equal then we have I out = I in . In general, for a non FG current mirror there is a threshold voltage mismatch between the transistors that will lead to a variation of I out with temperature. The variation of current in this case could be modeled as
where T 0 is a reference temperature which could be room temperature for simplicity. This effect is important in case of a Vector Matrix Multiplication (VMM) , discussed in Section 6, where multiple FG pFETs are biased as a current mirror.
VDD VDD
I in I out V1 V2 Figure 8 . A simple FG pFET based current mirror. The mismatch between the two transistor causes I out to be not equal to I in . This also results in temperature dependence of I out assuming I in is kept constant.
FG-Based Voltage Reference without Resistors
The main drawback of the reference circuits introduced in the previous section is the need for an external resistor for different biasing current. There are several resistorless bias reference circuits that take advantage of the availability of different V tnmos or V tpmos devices, i.e., high and low threshold devices [23, 24] . The aforementioned techniques require an ASIC and availability of different threshold devices in the process.
Here we propose to use FG to create a difference in threshold voltage by inducing charge at the floating node. This allows the bias of the reference with a different biasing value and to be able to directly compile the circuit onto the FPAA. Figure 9 shows the schematics of the proposed reference circuits. Figure 9a Figure 9a , the FGOTA was biased at 2 µA, and hence the power dissipated by the circuit is 5 µW. This could change depending on the application, i.e., the load of the reference, and the power requirements. Considering the above linear range of the FGOTA based voltage reference, it has a temperature variation of 19.83 ppm/ • C. Figure 9b , can be analyzed by reducing the EKV equation in Equation (1) . As seen in Equation (8), V REF has a weak dependence on U T and supply voltage VDD. In the following derivation, it is assumed that the κ of the FG pMOS and the diode connected pMOS is similar and that their σ ≈ 0.
It should be noted from the above equation that if the I th of two devices are equal, the output V REF would be almost invariant over temperature. In addition, the above analysis holds only if the transistors, the FG transistor, and the pMOS are in the subthreshold saturation regime. Also, the two transistor circuit would have fairly significant power coupling as opposed to the FGOTA whose PSRR will be high.
Vector Matrix Multiplication (VMM)
A FG based Vector Matrix Multiplication (VMM) is one of the building blocks in an analog classifier [25, 26] . It stores the weight of the classifier as a charge (Q) on the floating node of the FG pFET. The output of a VMM is a current signal, which is a product of input voltage and the weight stored on the floating node. The equation in Equation (1) can be modified as follows:
The above set of equations reveals the dependence of weight on temperature. Also, the V in would have a different relationship with the output I d with change in temperature given by e
. Thus the classifier, instead of having an output y = W * x, will have a temperature dependent term.
To demonstrate the dependence of the VMM on temperature, when biased with a DAC, a 12 × 1 (i.e., a 12 input and 1 output) VMM is compiled on the FPAA. As shown in Figure 10 , a shift register is used to measure each FG output over 60 • C. A variation of 158 nA is observed when they are nominally biased around 50 nA at room temperature. This variation could lead to substantial errors while using the VMM in classification as temperature could vary depending on the application. As an example, when the classifier is used for classifying an acoustic signal from the knee joint [12] , the system temperature is expected to change with the environment temperature (e.g., room temperature during activities performed at home or to hot/cold temperatures during outdoor activities). To address the issue, the current reference introduced in the Section 5.1 is used to bias the FG pMOS of the VMM. Figure 10 shows the variation of the VMM current when biased using the FG current reference. A maximum variation of 5.6 nA is observed in the current. This variation is due to the fact that there is a mismatch in the threshold voltage of the transistor resulting in A 0 = 1, where A 0 is the gain factor from Equation (7). The two measurements corresponds to two different experimental setups. one where a DAC is used to bias the FG whereas the other corresponds to a FG biased using the voltage reference discussed earlier. A current variation of 158 nA was observed over 60 • C when the VMM, programmed to get 50 nA at room temperature, was biased using a DAC. A variation of 5.6 nA was observed in case of the VMM biased using the voltage reference.
The VMM weight is updated depending on the learning of the classifier and hence in practice the weight will have a certain V f g compared to the biasing circuit. This will result in a gain A 0 = 1, thereby leading to dependence of I out on temperature. If the output stage of the VMM is a Winner Take All (WTA) [27] , which is the case in [3, 12, 25] , the small variation would not affect the output of the classifier. This is due to the fact that a WTA compares relative current between the competing branches of VMM.
Variation of Band-Pass Filter
A G m − C based second order band-pass filter is used extensively for several signal processing systems [3, 4, 12] . A second order G m − C filter enables extracting frequency based features from the input signal with a low power consumption. Also, a FG based G m − C offers programmability over broad range of center frequencies by changing the bias of the FGOTAs. The input of the FGOTA is capacitively coupled to increase the linearity of the filter. The PSRR, CMRR, input referred noise, and other characteristics of the filter are described in detail here [28] .
The inset in Figure 11 shows the schematic of a G m − C filter compiled in a single CAB of the FPAA. The FGOTA are biased using a FG pFET as seen in Figure 11 . Figure 11 shows the frequency response of the band-pass filter over 60 • C of temperature change when biased using a DAC. Figure 11 also shows a variation in the center frequency, quality factor, and gain of the band-pass filter. The variation in center frequency is 2 KHz for a center frequency of 840 Hz at room temperature. This variation would lead to significant error in the processing and extraction of features in different signal processing systems. A FG pFET is used as a biasing transistor for the OTA. Here, the gate of FG pFET is biased using a DAC as seen in the inset of the frequency response graph. A variation of 2 Khz was observed in center frequency of the filter. A variation of 2 dB in gain and 1.4 in the quality factor of the filter was observed.
A FG based current reference generator introduced in the Section 5.1 would be suitable for biasing the G m − C filters. Figure 12 shows the bootstrap reference compiled along with the band pass filter. Figure 12 also shows the variation in the characteristics of the bandpass filter namely quality factor (Q), center frequency (F C ), and gain at the center frequency. As compared to the case where it was biased by a DAC, the variation in center frequency is reduced to 76 Hz, gain variation is 1 dB as opposed to 2 dB, and quality factor variation is 0.48 compared to 1.4. Measurements in the Figures 11 and 12 were performed consecutively where the filter were biased first with a DAC and then with a FG current reference to keep other variations constant. The resulting temperature dependent variation of 76 Hz, observed in Figure 12 , could be explained due to the fabrication related device-mismatch between the FG pMOS used in the reference circuit and the FG pMOS used as the biasing transistor of the FGOTAs in the bandpass filter. In addition, there are design-related mismatches in the aforementioned FG pMOS devices as well. For instance, the coupling capacitor of the FG pMOS in the reference circuit is 8 fF as opposed to 43 fF incase of the FGOTA biasing device. The other source of mismatch is also due to different W L of the FG pMOS transistors, which is 1.8 µm 600 nm in the case of the FG reference circuit and 6 µm 2 µm . In subsequent designs of the FPAA, these variations will be reduced by keeping a single size of FG transistors for all the devices on the SoC. Here, the gate of the FG pFET is biased using the FG based voltage reference. A variation of 76 Hz was observed in case of the center frequency. A variation of 0.48 in quality factor and 1 dB in gain, at the center frequency, of the filter was observed.
Summary and Discussion
There has been a growing interest in using FPAA for rapid prototyping of mixed signal systems, performing mixed and analog signal processing for wide ranging applications, and using programmability and reconfigurability to increase system performance and energy efficiency [5, [29] [30] [31] . Hence, it becomes more important to study the effects of temperature on a reconfigurable platform and investigate methods that could reduce these variations. A FG temperature compensation structure as part of the CAB is used to reduce the variation in current over temperature [32] . This work presents several circuits, models, and techniques to estimate and reduce the temperature variation of such a system.
The simulation performed using the model developed based on the EKV models were in close agreement with the measured data. These models created for simple nFET and pFET devices were then used to study the temperature behavior of simple single ended circuits and were compared with measurement results. The intuition created here led to building and designing several of the current and voltage references introduced in subsequent sections. The references developed in this work are a part of the Scilab/Xcos environment as a block thereby enabling easy compilation as part of a larger system.
A bootstrap current reference is introduced to bias FG devices on the FPAA. The performance of the bootstrap reference is studied over temperature and the measured results from the FPAA are presented. The FG reference circuit is also used to bias two critical components of analog signal processing chain, namely the VMM and the second order bandpass filer. Their performance over temperature when biased using a DAC and the FG reference circuit is studied. A variation of 156 nA was observed in the output current of the VMM when biased with a DAC as opposed to a variation of 5.6 nA, when biased with FG current reference circuit. The bandpass filter's center frequency varies by 2 KHz when biased with a DAC whereas in case of FG reference circuit it varies by 76 Hz.
The work also presents two resistorless voltage references with wide range of programmable voltages. The FGOTA based voltage reference has a temperature variability of 19.83 ppm/ • C whereas the two transistor based voltage reference achieves a precision of 305 ppm/ • C. FGOTA could also be used as an error amplifier in an LDO without having to generate a separate reference voltage [33] . All measurements were performed on the FPAA, which is powered using a microUSB. PSRR measurements were not performed since body of all pFET devices are connected to the fixed microUSB supply, thus preventing accurate PSRR measurements.
FG devices would requires a programming infrastructure, an overhead in terms of area and power, and would be infeasible as a stand-alone structure. However, in case of an FPAA there are more then half a million FG devices and thus would make it feasible to have a single programming infrastructure. Additionally, using FG devices as routing switches allows for a lower power consumption compared to an FPGA where dedicated SRAM is required to store the design.
